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The stuff we create

Hot: >1012K >
100,000 times hotter than the sun or a
hydrogen bomb (107 to 108 K)

Small: 10"m < Q

100,000,000,000 times smaller than
a typical water droplet
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Quark Gluon Plasma

Quantum Chromodynamics (QCD) predicts crossover to system
of liberated quarks and gluons at temperatures of ~ 2x10"? K

non-int. limit

Energy Density / T*

Temperature T

HotQCD Collaboration, Phys.Rev. D90 (2014) 094503 4



~10 microseconds after the big bang
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Phase Diagram of hot QCD

Early Universe
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Perfect fluidity

 Discovery at RHIC:
The Quark Gluon Plasma
behaves like an

e confirmed by results
from LHC in 2010

e \We conclude this from comparison
of measured azimuthal anisotropies in particle spectra
to theoretical calculations, in particular hydrodynamics



How we know this: Measure produced particles




How we know this: Measure produced particles




Azimuthal anisotropies

Anisotropy of particle spectra transverse to the beam line

Number of Particles

Quantity anisotropy using Fourier expansion:

dN N

En = o 1 + ;2vn cos|n(¢ — Yy
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zimuthal anisotropies

Anisotropy of particle spectra transverse to the beam line

Number of Particles

Quantity anisotropy using Fourier expansion:

dN N

% = o (1 + vy cos|(¢p — 11)])
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Azimuthal anisotropies

Anisotropy of particle spectra transverse to the beam line

Number of Particles

Quantity anisotropy using Fourier expansion:

dN N

5 = 5= (14 vy cos|(¢p — 1)] 4+ vo cos|2(p — 12)])
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Azimuthal anisotropies

Anisotropy of particle spectra transverse to the beam line

Number of Particles

Quantity anisotropy using Fourier expansion:

dN N

40— 2n (14 v cos|(¢ —1)] + vocos2(p — 2)] + vz cos|3(p — Y3)))
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Azimuthal anisotropies

Anisotropy of particle spectra transverse to the beam line

Number of Particles

Quantity anisotropy using Fourier expansion:

dN N

5 = 5 (1 + vicos|[(d — 1)) + vocos|2(¢p — 1h2)] 4+ v3 cos[3(¢p — w3)| + ...)
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Azimuthal anisotropies

Anisotropy of particle spectra transverse to the beam line

Number of Particles

Quantity anisotropy using Fourier expansion:

dN N

5 = 5 (1 + vicos|[(d — 1)) + vocos|2(¢p — 1h2)] 4+ v3 cos[3(¢p — w3)| + ...)
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Multi-particle correlations

More efficient and precise to extract
using multi-particle correlations

2-particle correlation vs. An and Ad:

CMS PbPb 2.76 TeV N 35-40%
1<pr<3GeVic 7 ™) A®: DIFFERENCE
IN AZIMUTHAL ANGLE

An: DIFFERENCE
CMS COLL., EUR. PHYS. J. C72 (2012) IN PSEUDO-RAPIDITY
Event Displays: © 2012 CERN, ALICE
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Ridge structure and anisotropic tlow

Fourier expansion of the 2-particle distribution

CMS PbPb \/s,, = 2.76 TeV
L, =120 ub™
0-0.2% centrality

%,

trig O;Q
1<p."<3GeV/ic 7, O

1<p”* <3 GeV/c

1 dNpair — b
~ 1 L2 VA rig . assoc A _
Neg dAd T nz:; alpr o PT %) cos(nAg) Vn Vin

CMS Collaboration, JHEP 02 (2014) 088
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Ridge structure and anisotropic tlow

v as a function of n in central Pb+Pb collisions

CMS Preliminary

PbPb \/s,, =2.76 TeV
0-0.2% centrality

-
Al
A
—
<
Nn
—
c
>

1 dNpair ~— "
N dA ~ 142 Z V”A(PtT gjp%ssoc:) cos(nAg) Vh = v/ Vi
trig ¢

n=1

CMS Collaboration, JHEP 02 (2014) 088
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Ridge structure and anisotropic tlow

v as a function of n in central Pb+Pb collisions
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CMS Collaboration, JHEP 02 (2014) 088
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Centrality dependence

Correlation between initial shape and momentum anisotropy
STAR Collaboration, Phys.Rev.Lett. 86 (2001) 402-407

01 ¢ STAR data | >
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20 Bjorn Schenke, BNL



Interpretation: Strong final state effects

e Long range An correlations emerge from early times (causality)
e Azimuthal structure formed by the medium response to the
tfluctuating initial transverse geometry

)
3 y o -
b e
L » .‘ .
V'
N
\
Initial energy density Hydrodynamic
distribution expansion

21 Bjorn Schenke, BNL



Need for effective theories of QCD

Complex many-body systems are not well described by simple
extrapolation from properties of a few particles

7, Number 4047 SCIE NCE

Need effective theories to describe
emergent phenomena: Phase transitions,

More Is Different

critical phenomena, hydrodynamic behavior,

Broken symmetry and the nature of
the hierarchical structure of science.

gluon saturation, plasma instabilities, ...

* Color Glass Condensate - valid at high energy, includes gluon
saturation at high densities ( at small x and small transverse
momentum pr = Qs)

—Compute the initial conditions for nuclear collisions
B.Schenke, P.Tribedy, R.Venugopalan, PRL108, 252301 (2012), PRC86, 034908 (2012)

e Relativistic hydrodynamics

—Compute the final state dynamical evolution

22 Bjorn Schenke, BNL



Initial state from an eftective theory of QCD

B.Schenke, P.Tribedy, R.Venugopalan, PRL108, 252301 (2012), PRC86, 034908 (2012)

* Limit of high energy and high parton density

* Weak coupling but

: . A
StrOng|y InteraCtlﬂg c quarks and
-% gluons QC
* Non-linear effects: S
. Q
Gluon saturation o
'y
at PT 5 QS(X7 b)
()
. 2 strongly/correlaied «
o Occupa’uon #~1/as 3 gluenidymamics §
-
Classical description: 3
Solve Yang-Mills equations! o[ ;o ncient
. © | quarks? o
* Leading quantum E 2
+ n
. . (D)
corrections can be included 2 Pomerons?
S Regge trajectories? v

via small-x evolution

Parton Density

F. Gelis, E. lancu, J. Jalilian-Marian, R. Venugopalan
Ann.Rev.Nucl.Part.Sci. 60 (2010) 463-489 and references therein

coupling

coupling



IP-Glasma initial state

B.Schenke, P.Tribedy, R.Venugopalan, PRL108, 252301 (2012), PRC86, 034908 (2012)
Particle production governed by the Yang Mills equations

D,, ] = J/

Incoming currents

How to determine the incoming currents JV:

|IP-Sat model: Parametrize energy and spatial dependence of

deep inelastic cross section - fit parameters to HERA data
Kowalski, Teaney, Phys.Rev. D68 (2003) 114005

— energy and position dependent saturation scale Qg(x, x7)

Sample nucleons and color charges with density ~Q4(x, x1)

24 Bjorn Schenke, BNL



IP-Glasma initial state

B.Schenke, P.Tribedy, R.Venugopalan, PRL108, 252301 (2012), PRC86, 034908 (2012)

Particle production governed by the Yang Mills equations

D,, ] = J/

A AR
191 A ]
Al lr=0r = 5 [Au), A)]

i(3) |7':O+

pure gauge —>»

We solve for the gluon

fields numerically

Gau ge fields in Kovner, McLerran, Weigert, Phys. Rev. D52, 6231 (1995)

Schwinger gauge Krasnitz, Venugopalan, Nucl.Phys. B557 (1999) 237

B.Schenke, P.Tribedy, R.Venugopalan, PRL108, 252301 (2012), PRC86, 034908 (2012) Bjorn Schenke, BNL



From gluon tields to hydrodynamics

B.Schenke, P.Tribedy, R.Venugopalan, PRL108, 252301 (2012), PRC86, 034908 (2012)

Compute energy-momentum tensor TH”

ot the gluon fields

Extract energy density and tlow vector via

u, I"" = eu” for every transverse position

This provides boost invariant initial conditions

for tluid dynamic simulations

At the moment set initial II" = 0

We improve on this when studying small systems

26



Relativistic fluid dynamics

Effective theory for the long wavelength modes, valid for a
strongly interacting system

Basic equations: energy and momentum conservation

energyﬂensity preisure
O,T" =0 with T = (e 4+ P)uHu” — Pgt” + TIH"

?
flow velocity viscous'correction

+ constituent equations for 11"
(contains shear viscosity 77 and bulk viscosity ¢, possibly heat
conductivity and higher order transport coefficients)

Equation of state F(e) relates pressure to energy density (lattice)

27



Effect of shear viscosity

C.Gale, S.Jeon, B.Schenke, P.Tribedy, R.Venugopalan, Phys.Rev.Lett. 110, 012302 (2013)

n/s=70 n/s=20.1 n/s=0.2

t=0.40fm

MUSIC hydrodynamic simulation
B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys. Rev. Lett. 106, 04230 (2011)
28



Event-by-event hydrodynamic simulations

C.Gale, S.Jeon, B.Schenke, P.Tribedy, R.Venugopalan, Phys.Rev.Lett. 110, 012302 (2013)

SHRRIE SN

* Evolve many initial shapes using viscous tluid dynamics

* Convert energy density to particles (“freeze-out”)
* Compute particle correlations

* Compare to experimental data

29



Flow harmonics v, from IP-Glasma initial
state and MUSIC hydrodynamics

C.Gale, S.Jeon, B.Schenke, P.Tribedy, R.Venugopalan, Phys.Rev.Lett. 110, 012302 (2013)
B. Schenke, R. Venugopalan, Phys.Rev.Lett. 113 (2014) 102301

CMS 0.3 GeV < pr <3GeV
n/s=0.18

CMS Collaboration, PRC 87(2013) 014902

centrality percentile
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Event-by-event distributions of flow harmonics

ATLAS Collaboration, JHEP 1311 (2013) 183
C. Gale, S. Jeon, B.Schenke, P.Tribedy, R.Venugopalan, PRL110, 012302 (201 3)

0-5%

20-25%

g5 IP-Glasma
Vv, IP-Glasma+MUSIC =~ ——
v, ATLAS

pr>0.5GeV
Inl <2.5

0.5

1 1.5 2
Vol(Vy), ex/(Eo)

20-25% | e, IP-Glasma
Vv, IP-Glasma+MUSIC
Vo ATLAS

pr > 0.5 GeV
Inl <2.5

0-5%

| (-]
0.5 1 1.5 2
Vol(Vo), €x/(eo)

eq IP-Glasma
V5 IP-Glasma+MUSIC
va ATLAS

pt>0.5 GeV
Inl <2.5

0.5

1 1.5 2
V3/(V3), e3/(eg)

20-25% | &5 IP-Glasma
V4 IP-Glasma+MUSIC
va ATLAS

pt>0.5 GeV
Inl <2.5

0-5%

0.5 1 1.5 2
V3/(V3), e3/(e3)

g4 IP-Glasma
v, IP-Glasma+MUSIC
v, ATLAS

pt>0.5 GeV
Inl <2.5

0.5

1 1.5
Val(Va), €4/(E4)

20-25% | ¢4 IP-Glasma

v, ATLAS

v, IP-Glasma+MUSIC =~ —

pt>0.5 GeV
Inl <2.5

0.5 1 1.5
ValVa): €4/e4)




Event-by-event v, helped exclude models

Scaled event-by-event vy are independent of transport properties:
Discriminate between different initial state models

Only three models left:

IP-Glasma (that | introduced)

C. Gale, S. Jeon, B.Schenke, P.Tribedy, R.Venugopalan, PRL110, 012302 (2013)

EKRT (that uses pQCD and a saturation model)

H. Niemi, K.J. Eskola, R. Paatelainen, Phys.Rev. C93 (2016) no.2, 024907

Trento (parametrized energy deposition as in the IP-Glasma)

J.S. Moreland, J. E. Bernhard, S.A. Bass, Phys.Rev. C92 (2015), 011901
J.E. Bernhard, J.S. Moreland, S.A. Bass, J. Liu, U. Heinz, Phys.Rev. C94 (2016), 024907



Improved understanding of QCD shear viscosity

Event-by-event viscous hydrodynamic simulations with
QCD based initial states can help extract transport properties

= kinetic theory
= |attice QCD
== AdS/CFT limit

= Viscous hydro
viscous hydro + flow data

I_O
—
Qv
)
c
2

S~
c

V ideal

LO pQCD: P. Arnold, G. D. Moore, L. G. Yaffe, JHEP 0305 (2003) 051
AdS/CFT: P. Kovtun, D. T. Son, A. O. Starinets, Phys.Rev.Lett. 94 (2005) 111601
Lattice QCD: A. Nakamura, S. Sakai, Phys.Rev.Lett. 94 (2005) 072305
H. B. Meyer, Phys.Rev. D76 (2007) 101701; Nucl.Phys. A830 (2009) 641C-648C
|deal hydro: P. F. Kolb, J. Sollfrank, U. W. Heinz, Phys.Rev. C62 (2000) 054909

P. F. Kolb, P. Huovinen, U. W. Heinz, H. Heiselberg, Phys.Lett. B500 (2001) 232-240
pQCD/kin. theory: Z. Xu, C. Greiner, H. Stocker, Phys.Rev.Lett. 101 (2008) 082302

J.-W. Chen, H. Dong, K. Ohnishi, Q. Wang, Phys.Lett. B685 (2010) 277-282
Viscous hydro: P. Romatschke, U. Romatschke, Phys.Rev.Lett. 99 (2007) 172301

M. Luzum, P. Romatschke, Phys.Rev. C78 (2008) 034915

H. Song, U. W. Heinz, J.Phys. G36 (2009) 064033

H. Song, S. A. Bass, U. Heinz, T. Hirano, C. Shen, Phys.Rev.Lett. 106 (2011) 192301



Improved understanding of QCD shear viscosity

Event-by-event viscous hydrodynamic simulations with
QCD based initial states can help extract transport properties

[Q\|

= kinetic theory
= |attice QCD
== AdS/CFT limit

= Viscous hydro
+ flow data

v

Important progress on these:

G. Denicol, A. Monnai, B. Schenke, Phys. Rev. Lett. 116, 212301 (2016) Using forward results from RHIC
J.E. Bernhard, J.S. Moreland, S.A. Bass, J. Liu, U. Heinz, Phys.Rev. C94, 024907 (2016) Bayesian analysis
H. Niemi, K.J. Eskola, R. Paatelainen, Phys.Rev. C93, 024907 (2016) EKRT looking at event plane correlations

S. Ryu, J.-F. Paquet, C. Shen, G.S. Denicol, B. Schenke, S. Jeon, and C. Gale, Phys. Rev. Lett. 115, 132301 (2015)
Effect of bulk viscosity



Now small systems: proton+proton,
oroton/deuteron + heavy ion collisions

minimum bias p+p high multiplicity p+p

CMS MinBias, 1.0GeV/c<pT<3.0GeV/c

CMS pp 7 TeV, Ny, > 110
1<p;r<3GeVic

gt \\““'f
‘3‘\\““\‘:‘:«7/;:,’ I

SRS
| “,,‘:A“',‘A‘A‘A“A‘A"

/,///
3 0‘

X 5o
X “)“*“ “ll

CMS Collaboration, JHEP09 (2010) 091
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Voa in p+p collisions

Result after correcting for back-to-back jet correlations
estimated from low multiplicity events

Preliminary

CMS pp \s=7 TeV
IAnl > 2 ® Low mult. sub.

— PYTHIAG sub.

03 <p <3 GeVic No v, in PYTHIA

CMS PAS HIN-15-009

offline
I\Itrk

Bjorn Schenke, BNL



Ridge in p+Pb collisions

high multiplicity p+Pb

pPb \Syy =9.02 TeV at the LHC
(b) ATLAS _<05<pR<4Gevic  (c) CMS
e 0.5<pF™ <4GeV /c

SE;>80 GeV (0-2%) .

offline
Ntrk

2<pM<4GeV/c

(a) ALICE
1<p?®*<2GeV/c

(rad™)

%

|

S~

1 d2 N, assoc
N trig dAﬂdA(P

M
W%
\

7)1\
SRS
Wbl

e

ALICE Collaboration, Phys. Lett. B 719 (2013) 29
ATLAS Collaboration, Phys. Rev. Lett. 110 (2013) 182302

CMS Collaboration, Phys. Lett. B 718 (2013) 795
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vz in p+p, p+Pb, Pb+Pb collisions

O pPb sy =5.02 TeV CMS Preliminary see also:
[0 PbPb |5 =2.76 TeV
® pp \s=7TeV 5 gooBp8 b ALICE Collaboration
oo " Phys. Lett. B719 (2013) 29-41
- O o © 0080806 Phys. Rev. C 90, 054901
o O
O
%%E. 0900 ¢ © ATLAS Collaboration
® Phys. Rev. Lett. 110, 182302 (2013); Phys. Rev.

o
0.3< p.< 3 GeV/c

C 90.044906 (2014)

CMS Collaboration
Phys.Rev.Lett. 115, 012301 (2015)

QUACKS LIKE
A DPUCK.
N 2

200

offline
Ntrk

Jared Wood vikingalligator.deviantart.com

CMS PAS HIN-15-009
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http://prl.aps.org/abstract/PRL/v110/i18/e182302

Hydrodynamics in small systems

Simple MC-Glauber initial state + hydrodynamics works

ATLAS Coll. PLB725 (2013) 60-78 CMS Coll. PLB724, 213-240 (2013)

p-Pb 5.02TeV

with hadronic
rescatterings

without hadronic

rescatterings
v

O v.{2} hydro Glauber+NB
v.,{4} hydro Glauber+NB

60 80 100 120 ' 100 150 200 250 300
(ZE J_> GeV Nffline

Bozek, Broniowski, PRC88 (2013) 014903 Shen, Paquet, Denicol, Jeon, Gale, PRC95 (2017) 014906

Also see: Kozlov, Luzum, Denicol, Jeon, Gale; Werner, Beicher, Guiot, Karpenko, Pierog; Romatschke;
Kalaydzhyan, Shuryak, Zahed; Ghosh, Muhuri, Nayak, Varma; Qin, Mueller; Bozek, Broniowski, Torrieri; Habich,
Miller, Romatschke, Xiang; T. Hirano, K. Kawaguchi, K. Murase; ...

39 Bjorn Schenke, BNL



IP-Glasma+MUSIC results

Experimental data: CMS Collaboration, Phys.Lett. B724, 213 (2013)

|IP-Glasma + round proton + MUSIC
- CMS peripheral subtr.

60 80 100 120 140 160 180

offline
I\I’[rk
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IP-Glasma+MUSIC results

Experimental data: CMS Collaboration, Phys.Lett. B724, 213 (2013)

WE ASSUMED
A ~ROUND PROTON:

=+ INITIAL SHAPE
~ROUND

60 80 100 120 140 160 180

offline
I\Itrk

Bjorn Schenke, BNL



Proton should fluctuate. How much?

H. Mantysaari, B. Schenke, Phys. Rev. Lett. 117 (2016) 052301; Phys.Rev. D94 (2016) 034042

Y J/V, p, ...

Exclusive ditfractive J/Y production:
Incoherent x-sec sensitive to fluctuations

Color charge fluctuations .
+ geometric and (), fluctuations

Coherent

H1 incoherent

tuned shape

fluctuations

round proton

H1 Collaboration, Eur. Phys. J. C73 (2013) no. 6 2466 ,, Bjérn Schenke, BNL



Proton should fluc 2016 Holiday Card

H. Mantysaari, B. Schenke, Phys. Rev. Lett. 117 (2016

Exclusive ditfractive J/V¥ p
Incoherent x-sec sensitive

Color charge
+ geometric &

Coherent
H1 incoheren

Brookhaven National Laboratory

tuned shape
fluctuations

round proton

. 15
] [Ge\/Q]

H1 Collaboration, Eur. Phys. J. C73 (2013) no. 6 2466
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| et's compare to data again...

B. Schenke, R. Venugopalan, Phys. Rev. Lett. 113, 102301 (2014)

IP-Glasma + MUSIC - -
- CMS peripheral subtr. o

I
60 80 100 120 140 160 180

offline
Ntrk

Experimental data: CMS Collaboration, Phys.Lett. B724, 213 (2013)
44 Bjorn Schenke, BNL




Effect of proton shape tluctuations

B. Schenke, R. Venugopalan, Phys. Rev. Lett. 113, 102301 (2014)
H. Mantysaari, P. Tribedy, B. Schenke, C. Shen, in preparation (2017)

IP-Glasma + round proton + MUSIC
- IP-Glasma Hfluc. proton+ MUSIC  —
CMS peripheral subitr. o

0 | |
0 60 80 100 120 140 160 180

n/s=0.2 + T/s(T) Ngifline

Experimental data: CMS Collaboration, Phys.Lett. B724, 213 (2013)
45 Bjorn Schenke, BNL




Elliptic and triangular tflow

H. Mantysaari, P. Tribedy, B. Schenke, C. Shen, in preparation (2017)

vo{2} IP-Glasma-+fluc. proton+MUSIC+UrQMD t3=0.4 fm
vs{2} IP-Glasma-+fluc. proton+MUSIC+UrQMD T17=0.4 fm
vo{2} ATLAS subtracted
v3{2} ATLAS subtracted

e © °©

g @® ©
5 O -

®
®

ATLAS Collaboration, Phys.Rev. C90 (2014) 044906

n/s=0.2 + T/s(T)

46 Bjorn Schenke, BNL



Transverse momentum dependence

H. Mantysaari, P. Tribedy, B. Schenke, C. Shen, in preparation (2017)

ATLAS v{2} 110-140 -
ATLAS v5{2} 110-140 -Aq
V2{2} To—o 4 fm
v3{2} T5p=0.4 fm
V2{2} T0=O.2 fm
v3{2} T5p=0.2 fm

ATLAS Collaboration, Phys.Rev. C90 (2014) 044906

n/s=0.2 + T/s(T)

47 Bjorn Schenke, BNL



Transverse momentum dependence

H. Mantysaari, P. Tribedy, B. Schenke, C. Shen, in preparation (2017)

ATLAS vo{2} 110-140
ATLAS v3{2} 110- 140.,5-.
vo{2} T9p=0.4 fm
v3{2} 1g=0.4 fm
Vo{2} 19p=0.2 fm
V3{2} T0=O.2 fm

n/s=0.2 + T/s(T)

ATLAS Collaboration, Phys.Rev. C90 (2014) 044906

Fair warning: Strong dependence on whether initial
shear stress tensor is included and the relaxation

time. Viscous corrections can be very large

48 Bjorn Schenke, BNL



Temperature profile without bulk viscosity

~T<N) ~2{N) ~3<(N)
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Temperature profile without bulk viscosity

~ TN ~2{N) ~3<(N)
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Effect of Bulk viscosity

w/o bulk viscosity with bulk viscosity

51



Effect of Bulk viscosity

w/o bulk viscosity with bulk viscosity
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Success?

Fluctuating proton + IP-Glasma + MUSIC hydro can
describe observations in p+A collisions well

We are sensitive to the shape of the proton
and its fluctuations: Study of v, distributions

in p+A collisions almost like snapping pictures
of individual proton shape configurations

L
’

Main caveat is the applicability of hydro:
Non-equilibrium corrections (at pr>1GeV) are large.

L

Effective pressure can become negative.

Does not mean what we see is not a final state effect
53



Initial state correlations

... and now for something

completely difterent

space correlations that are present already in
the initial gluon fields

They also lead to non-zero “"tlow”-harmonics
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Backing up to the calculation of initial gluon fields

3)lr=0+ = Ay T Ap)

A77 _Ig[ I

3)lr=0+ = T A1), Al

Now compute gluon momentum
distributions from the fields
in Coulomb gauge

Next we analyze the momentum distribution of the
produced gluons

There is NO hydrodynamics in what follows, just Yang-Mills

55 Bjorn Schenke, BNL



Correlations from the initial state

Schenke, Schlichting, Venugopalan, Phys. Lett. B747, 76-82 (2015)

T=0.0 fm/c Fourier harmonics (event average)

9 ‘ Uuons | p 4 P b ATLAS v,(2PC) 55 GeV < E-° < 80 GeV

CMS v,{4} 120 < N}, < 150
ATLAS v4(2PC) 55 GeV < E=° < 80 GeV +—¢—
CMS v45{2} 120 < N}, <150 —e—
Gluons 1=0.0 fm/c v,(2PC) °

V3(EP) |

Significant v, at time O

No odd harmonics for gluons without final state interactions
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Correlations from the initial state

Schenke, Schlichting, Venugopalan, Phys. Lett. B747, 76-82 (2015)

T=0.2 fm/c Fourier harmonics (event average)

9 ‘ uons | ATLAS v,(2PC) 55 GeV < EF° < 80 GeV

CMS v,{4} 120 < N;, < 150

ATLAS v4(2PC) 55 GeV < ET° <80 GeV +— 4
CMS v4{2} 120 < Ny <150 — @

Gluons t=0.2 fm/c v,(2PC) °
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Correlations from the initial state

Schenke, Schlichting, Venugopalan, Phys. Lett. B747, 76-82 (2015)

T=0.4 fm/c Fourier harmonics (event average)
9 ‘ UONS | ATLAS v,(2PC) 55 GeV < EF° < 80 GeV

CMS v,{4} 120 < N;, < 150

ATLAS v4(2PC) 55 GeV < ET° <80 GeV +— 4
CMS v4{2} 120 < Ny <150 — @
Gluons 1=0.4 fm/c v,(2PC) °

Odd harmonics generated by pre-equilibrium dynamics
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Interpretation and system size dependence

Schenke, Schlichting, Venugopalan, Phys. Lett. B747, 76-82 (2015)

Gluon v,(2PC) at t=0.4 fm/c

Pb+Pb not described in initial state picture. Reason:
Gluons produced from many uncorrelated color field domains

Collective flow in the final state is needed
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Many calculations, different approximations

e Glasma graph approximation: only two gluon exchange and
Gaussian statistics of color charge fluctuations

* Non-linear Gaussian approximation:
Multi-gluon exchanges and Gaussian statistics

e Numerical solution: Solves Yang-Mills equations exactly as we
did, includes multiple-gluon exchange, “rescattering”

e Some go beyond classical approximation by including JIMWLK
evolution which will introduce some non-Gaussian correlations

They all find anisotropies without any hydrodynamics

Some are compared in

T. Lappi, B. Schenke, S. Schlichting, R. Venugopalan, JHEP 1601 (2016) 061

See the review article

K. Dusling, W. Li, B. Schenke, Int. J. Mod. Phys. E25, 1630002 (2016)
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So what do we see?
1. Initial momentum correlations
or

2. Areflection of the initial geometry
mediated by final state effects?

61 Bjorn Schenke, BNL



Observables to tell the difference

e Difterent collision systems
* Mass ordering

e Odd harmonics

e Beam energy dependence
e Jet quenching

e Electromagnetic probes

e Sign change of c,{4]

e Multi particle (>2) cumulants
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Observables to tell the difference

e Different collision systems
* Mass ordering

e Odd harmonics

e Beam energy dependence
e Jet quenching

e Electromagnetic probes

e Sign change of c,{4]

e Multi particle (>2) cumulants
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RHIC to the rescue: Different small systems

Different initial shapes lead to difterent tlow harmonics

y [fm]

y [fm]

4
2
0)

-2

4
4
2
0)

-2

-4

4 2 0 2 4 4 2 0 2 4 -4 -2 0 2 4
x [fm] x [fm] x [fm]
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Different small systems

Different initial shapes lead to difterent tlow harmonics

d+Au 3SHe+Au p+Au
; €0~ €5 > €9
= He+Au 200GeV 0-5%

=  d+Au 200GeV 0-5% Vd+AJ \/He+Au p+Au

~ >V

= p+Au 200GeV 0-5% 2 2 2
—— SONIC *He+Au
=—— SONIC d+Au

=== SONIC p+Au

from Javier Orjuela-Koop

for the PHENIX Collaboration
at Initial Stages 2016

agreement
with hydro!

TN
PH ENIX
preliminary

d+Au: PHENIX Collaboration, Phys.Rev.Lett. 114 (2015) 192301
3He+Au: PHENIX Collaboration, Phys. Rev. Lett. 115, 142301 (2015)
P. Romatschke, Eur. Phys. J. C 75 (2015) 305

65 Bjorn Schenke, BNL



d+Au *He+Au Hydro Predictions

Left: Initial prediction for d+Au
and *He+Au with n/s=0.12

d+Au 200 GeV

0fm<b<2fm Bottom: adjusted calculation
with n/s=0.18

(shown @2015 RHIC&AGS Users' Meeting)

PHENIX 3He+Au vz PRL115, 142301 e
L d+Au vg IP-Glasma+MUSIC PREDICTION s

SHe+Au v3 IP-Glasma+MUSIC

SHe+Au 200 GeV
Ofm<b<2fm

B. Schenke and R. Venugopalan, Nucl. Phys. A 931 (2014) 1039
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d+Au *He+Au Hydro Predictions

Left: Initial prediction for d+Au
and SHe+Au with n/s=0.12

d+Au 200 GeV

0fm<b<2fm Bottom: adjusted calculation

with n/s=0.18

(shown @2015 RHIC&AGS Users' Meeting)

PHENIX 3He+Au v3 PRL115, 142301 e
PHENIX d+Au v3 preliminary QM2017 1

d+Au vz IP-Glasma+MUSIC PREDICTION wmm

3
He+Au 200 GeV 3He+Au v3 IP-Glasma+MUSIC =

Ofm<b<2fm

B. Schenke and R. Venugopalan, Nucl. Phys. A 931 (2014) 1039
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Initial state picture

So far there is no initial state calculation comparing
ditferent small collision systems

There is no correlation between the harmonics and the
initial global eccentricities

B. Schenke, S. Schlichting, R. Venugopalan, Phys. Lett. B747, 76-82 (2015)
L. McLerran, V. Skokov, arXiv:1611.09870

: 3
Difference must have a og || EHENK SHorau vg PRLI1S, 142301 +%:
d+Au V3 IP-Glasma+MUSIC PREDICTION =

SHe+Au v3 IP-Glasma+MUSIC =

difterent origin:
Ditterent multiplicities in

the 0-5% bin?
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Summary

Numerical simulations ot eftective theories of QCD provide

® The initial state of heavy ion collisions
(Color Glass Condensate)

* The evolution of the produced hot and dense matter
(Hydrodynamics)

Small systems also well described in the same framework

Ditterent small systems indicate that measured correlations
are sensitive to the initial geometry — final state effect

No question initial state anisotropies exist - do they survive?
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Outlook |: Small systems

For final conclusion on small systems we need theoretical
framework that includes both initial and final state interactions:

We compute Wigner
Initial —=— IP-Glasma

BAMPS t=0.3 fm/c —s— {BAMPS (2<-2+2<-3) functions of gluons
BAMPS t=0.6 fm/c ——— oL frunning

BAMPS t=1 fm/c from IP-Glasma
BAMPS t=2 fm/c ———

(includes initial state
correlations) and have
gluons undergo tinal
state interactions In

parton cascade
BAMPS

M. Greif, C. Greiner, B. Schenke, S. Schlichting, Z. Xu, in preparation
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Qutlook Il: Phase diagram - BES

D= wr a
: | COLLABORATION
o Smmes Our framework will be applied
CuarkGluon Plam to reveal critical fluctuations

e.g. in net-baryon distributions

OOI'/- e o
s Necessary to pin down existence/

location of QCD critical point

Baryon Chemical Potential

Working on new dynamic initial state for entropy and baryon
density, extension of IP-Glasma to 3D, new equation of state
with latest lattice input from the HotQCD collaboration,

baryon diﬁcUSiOﬂ with C. Gale, S. Jeon, A. Monnai, J.-F. Paquet, B. Schenke, S. Schlichting, C. Shen
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Outlook Ill: Hard probes - sPHENIX

Study interaction ot high momentum

particles with the quark-gluon fluid .
Information on different

momentum/length scales

Study jet evolution in the medium

using Monte Carlo generator MARTINI and
hydrodynamic backgrounds

Extend energy loss to Next to Leading Order

H. Mantysaari, J.-F. Paquet, B. Schenke, D. Teaney, work in progress
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Outlook IV: Electron lon Collider

Working on calculations relevant to a future EIC:

H. Mantysaari, B. Schenke, work in progress

e Diffraction - more on proton and nuclear shape and fluctuations
* Small-x evolution of structure functions etc.

* Interesting fundamental questions and input for heavy in program

JIMWLK evolution: decreasing x

E
2
©
=
e
p -
[}
o
&
>

2 -1 0 1 2 2 -1 0 1 2

x-Coordinate [fm]

S. Schlichting, B. Schenke, Phys. Lett. B739, 313-319 (2014)

Fven at small x the proton is not a sphere ot gluons
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Thank you!

ported by

 Computations done at the
National Energy Research Scientific
Computing Center supported by
the Office of Science of the U.S. DOE

* Thanks to all my collaborators!
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